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Clonal Selection of Helper T Cells Is Determined
by an Affinity Threshold with No Further Skewing
of TCR Binding Properties
restricted sequences in the third hypervariable region
(CDR3) (McHeyzer-Williams and Davis, 1995). However,
the majority of the PCC-specific Th cells initially re-
cruited into the response at day 3 do not express these
restricted TCRs (McHeyzer-Williams et al., 1999). Anti-
Laurent Malherbe, Christina Hausl,1 Luc Teyton,
and Michael G. McHeyzer-Williams*
Department of Immunology
The Scripps Research Institute
10550 North Torrey Pines Road
La Jolla, California 92037 gen-specific Th cells with these more diverse TCRs are
rapidly overrun by the propagation of clonotypes with
canonical CDR3 regions. Selection of these preferred
clonotypes is largely over by day 5 of the primary re-Summary
sponse, with little change over the remainder of the
primary response or following antigen recall (McHeyzer-Helper T cell responses that focus the TCR repertoire
Williams and Davis, 1995; McHeyzer-Williams et al.,of responding clones provide experimental access to
1999). Measurement of the TCR-pMHCII interactions forthe mechanisms of clonal selection in vivo. Using
the clonotypes that are lost compared to those selectedTCR chain animals, we directly evaluate the extent
during the primary response would provide direct insightof TCR CDR3 diversity and the pMHCII binding attri-
into the molecular basis of clonal dominance.butes of individual antigen-specific Th cells. Here, we
Earlier studies have stressed the importance of thedemonstrate that dominant clonotypes, as defined by
affinity of the TCR-pMHC interaction in determiningTCR junctional sequence similarities, are surprisingly
T cell fate in vivo (Alam et al., 1996; Busch and Pamer,diverse at the level of pMHCII binding properties, be-
1999; Fasso et al., 2000; Malherbe et al., 2000). It wasfore and after antigen exposure. During an immune
possible that selective expansion of T cells expressingresponse, we can detect and quantify the selective
TCRs of higher affinity in vivo relies on their capacity toloss of antigen-specific clonotypes that express
compete for rare pMHC complexes on the surface oflower-affinity TCR. This affinity threshold selection is
APC (Kedl et al., 2000, 2002). Alternatively, in vitro stud-followed by the unbiased propagation of preferred clo-
ies with altered peptide ligands have suggested that thenotypes regardless of TCR-pMHCII half-lives or affin-
duration of TCR-pMHC interaction was a better pre-ity. Thus, an affinity threshold mechanism discrimi-
dictor of T cell response outcome than its affinity (Matsuinates Th clones with TCR of best fit and propagates
et al., 1994; Lyons et al., 1996; Kersh et al., 1998). Simi-clonal diversity without promoting autoreactivity.
larly, thymic selection appears to bias the preimmune
repertoire toward T cells with intermediate off-ratesIntroduction
(Savage and Davis, 2001). In agreement with these ki-
netic models, Savage et al. reported the selective lossHelper T cell recognition of specific peptide-MHC class
of Th cells with faster off-rates during the PCC responseII (pMHCII) complexes is central to the regulation of
in B10.BR mice (Savage et al., 1999). Unfortunately, thisadaptive immunity. During thymic development, interac-
latter study focused on the later stages of the primarytion with self-pMHCII establishes a broad preimmune
response, after clonal dominance was already estab-repertoire through positive and negative selection to
lished. Hence, the mechanism that drives the rapid de-protect against pathogen assault (Goldrath and Bevan,
velopment of dominant clonotypes in vivo has not yet1999; Sebzda et al., 1999). In the periphery, foreign
been addressed experimentally.pMHCII recruits Th cells with TCR of sufficient binding
Using TCR chain transgenic animals, we directlystrength to clonally expand and differentiate into ef-
evaluate the extent of TCR diversity in a polyclonal anti-fector cells (Lanzavecchia and Sallusto, 2002). Th cell
gen-specific Th cell compartment prior to antigen expo-responses as well as CTL responses to some foreign
sure. Across two separate models, the expressed TCRproteins (McHeyzer-Williams and Davis, 1995) or patho-
chain significantly impacts the development of antigen-gens (Bitmansour et al., 2001; Chen et al., 2001; Kedzier-
specific precursors. We also demonstrate that rapid andska et al., 2004) are dominated by few clonotypes that
substantial clonal reassortment is required to propagateexpress a restricted set of TCR. The cellular and molecu-
the preferred clonotypes among different sets of antigenlar basis of this clonal dominance is still poorly under-
binding precursors. Following adoptive transfer and an-stood.
tigen exposure in vivo, we definitively exclude TCR off-The I-Ek restricted immune response to pigeon cyto-
rates as the basis of this clonal reassortment. Instead,chrome c (PCC) is the best-characterized example of
there is a clear loss of antigen-specific clonotypes withclonal dominance in the Th cell compartment (Fink et
low TCR-pMHCII affinity, regardless of their prevalenceal., 1986; Winoto et al., 1986; Hedrick et al., 1988; Jor-
in the preimmune compartment. Beyond this affinitygensen et al., 1992). In B10.BR mice, the peak of the
threshold, there is no further skewing toward high affinitycellular response (day 7) is dominated by Th cells ex-
or slow off-rates across a wide range of antigen doses.pressing V11 and V3 TCR variable regions with highly
Hence, this affinity threshold mechanism of clonal selec-
tion maintains TCR diversity in the Th cell compartment*Correspondence: mcheyzer@scripps.edu
and may serve to promote functional heterogeneity1Present address: Baxter Bioscience, Industriestrasse 72, A-1220
Vienna, Austria. while protecting against autoreactivity.
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CDR3 sequence analysis (TCR from 65%  5% of
single cells was sequenced through the CDR3 region).
Across six individual mice, the same four J segments
dominated the PCC preimmune repertoire (Figure 1B;
J22, J34, J17, and J16 represent 81%  4% of
single cells analyzed). Interestingly, these J segments
are the ones selected by the PCC-specific Th cells that
dominate the immune response in B10.BR mice (Mc-
Heyzer-Williams and Davis, 1995; McHeyzer-Williams et
al., 1999). Furthermore, at the CDR3 amino acid level,
the majority of the naive PCC-specific Th cells display
the four canonical CDR3 features associated with the
preferred TCRs used in B10.BR mice (CDR3 length of
8 aa, glutamic acid residue at 93, serine residue at 95,
and use of J22, J34, J17, and J16 gene segments)
(Figure 1C) (McHeyzer-Williams and Davis, 1995;
McHeyzer-Williams et al., 1999). Thus, in the 5C.C7
transgenic model, selection by self-peptides skews the
preimmune PCC-specific TCR repertoire toward the pre-
ferred clonotypes selected by the foreign antigen (PCC)
in B10.BR mice.
In this 5C.C7 transgenic model, the preimmune PCC-
specific compartment was dominated by seven different
clonotypes that accounted for more than 70% of the
naive PCC-specific Th cells (Figure 1C; n  157). Two
different clonotypes, which expressed J22 and are re-
ferred to here as 22A and 22S (J and aa at position
94), comprised 32% of the total preimmune compart-
ment. The 5C.C7 chain (34A) had the second-highest
penetrance in the preimmune compartment (13%) and,
with 34P, accounted for most of the PCC-specific T cells
expressing J34. Similarly, only two to three clonotypes
accounted for the two other predominant J, J16, and
J17. Therefore, this restricted but polyclonal 5C.C7
Figure 1. Clonal Assortment in the 5C.C7 Preimmune Repertoire model produces a reproducible spectrum of PCC-spe-
(A) Representative probability contours of lymphocytes from 5C.C7 cific clonotypes prior to antigen exposure.
mice. V11 and pMHCII tetramer level on PICD4CD8
CD11bB220 cells (left panel); CD44 and CD62L expressions on
Diversity in 5C.C7 Preimmune TCRPICD4CD8CD11bB220V11pMHCII Tet cells (right panel).
Binding PropertiesBoxed inserts are the mean frequency  SEM, n  6.
Due to the elevated prevalence of PCC-specific Th cells,(B and C) Single CD4V11pMHCII TetCD44loCD62Lhi cells were
sorted into cDNA reaction mix, subjected to two separate rounds we could directly evaluate TCR binding kinetics of naive
of PCR for TCR V11, and then cycle sequenced. (B) The percentage precursors by using pMHCII tetramers. To identify high-
of V11pMHCII Tet cells expressing a particular J gene segment affinity PCC-specific Th cells, we used low tetramer con-
is represented. Mean  SEM, n  6. The total number of individual centrations (5 nM) that labeled only 15% of the total
sequences analyzed is indicated. (C) Predicted amino acid se-
antigen-specific compartment. Individual PCC-specificquences of CDR3 regions ( chain residues 93–102) from single
Th cells that labeled with these low concentrations werePCC-specific cells. The sequences are sorted according to their
sorted, TCR chains were amplified, and the CDR3 re-relative abundance in the 5C.C7 preimmune repertoire. J usage
is indicated. The TCR positions 93 and 95 are highlighted in gions were sequenced. There was a striking enrichment
each sequence. for J22 usage (Figure 2A), indicating that these clones
expressed the highest-affinity pMHCII binding in the
naive compartment. Only two peptide sequences, 22S
Results and 22A, were present in this set of clones (Figure 2B).
Furthermore, the extent of enrichment from the total
Polyclonal Assortment of Naive 5C.C7 naive compartment indicated that 22S (6-fold enrich-
PCC-Specific Th Cells ment) had a higher affinity than 22A (no enrichment)
Fixed expression of the 5C.C7 TCR chain promoted (Figure 2B; last two columns). 34A (5C.C7 chain) was
elevated levels of PCC-specific Th cells in the preim- absent from the higher-affinity subset of clonotypes.
mune compartment. Based on tetramer binding, 3.1% These data, based on the selection of high-affinity vari-
0.1% of CD4 Th cells express a V11 TCR chain that ants in the population, was also consistent with the
is PCC specific (Figure 1A, left panel). As expected, the lower affinity calculated for 5C.C7 transgenic Th cells
vast majority of these PCC-specific Th cells (89% 2%) compared to total 5C.C7 transgenic Th cells (Figure
also express a naive cell surface phenotype (CD44lo 2C). Thus, measurements of relative TCR affinities es-
CD62Lhi) (Figure 1A, right panel). To more closely exam- tablish a hierarchy among these different clonotypes,
ine this preimmune TCR repertoire, we sorted single from the high-affinity 22S to the intermediate-affinity
22A to the low-affinity 34A.PCC-specific Th cells for RT-PCR amplification and
Affinity Threshold Determines Th Clonal Dominance
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Figure 2. The 5C.C7 Preimmune Repertoire Contains Clonotypes with Different Affinities and Off-Rates for Peptide-MHC Binding
(A–E) (A and D) J gene segment usage by clones expressing TCR with (A) high avidity or (D) slow dissociation rate. (A) 5C.C7 lymphocytes
were stained with varying amounts of pMHCII tetramers. Cells remaining stained when tetramer concentration was decreased to 5 nM were
sorted, and their CDR3 regions were sequenced. (D) 5C.C7 lymphocytes were stained with saturating amount of pMHCII tetramers. Tetramer
staining decay was initiated by incubating stained cells with 100 g/ml KJ25 at 4C. Cells remaining stained after 2 hr of decay were sorted,
and their CDR3 regions were sequenced. The number of individual sequences analyzed for each subset is indicated. (B and E) Predicted
CDR3 amino acid sequences for clones derived from the (B) high avidity and (E) slow dissociation rate subsets. The sequences are sorted
according to their relative abundance. (C) Scatchard analysis of pMHCII tetramer binding to 5C.C7 and 5C.C7 TCR transgenic cells.
5C.C7 (filled diamonds) and 5C.C7 (open squares) cells were stained with pMHCII tetramers over a range of concentrations. Apparent KD
values are displayed.
(F) pMHCII tetramer staining decay kinetics for AND, 5C.C7, and 5C.C7 TCR transgenic cells. The natural logarithm of the normalized
fluorescence is plotted versus time after the addition of anti-V3 (KJ25) mAbs. The t1/2 derived from each plot is indicated.
Using a high-affinity antibody to compete and block driven clonal selection in vivo. Initially, we labeled
5C.C7 splenocytes (containing 1.2 	 105 PCC-specificpMHCII monomer binding to TCRs, it is possible to dis-
Th cells) with CFSE and transferred them into syngeneicsociate tetramer binding over time in vitro. To identify
B10.BR. Three days after immunization, V11 PCC-naive PCC-specific Th cells with slow off-rates, we se-
specific cells had undergone up to seven divisions (Fig-lected the few PCC-specific Th cells that resisted tetra-
ure 3A, left panel) accompanied by upregulation of CD44mer dissociation (10%–15% of initial population) after 2
(middle panel) and downregulation of CD62L in a divi-hr of incubation with a blocking anti-V3 antibody
sion-dependent manner (right panel). Thus, transferred(KJ25). These T cells with slow off-rates predominantly
PCC-specific Th cells had undergone extensive prolifer-used two different J segments, J16 and J22 (Figure
ation, with evidence for differentiation upon antigen ex-2D). Only two peptide sequences, 16A and 22S, ac-
posure in vivo.counted for almost 80% of the clonotypes with slow off-
Next, we transferred 5C.C7 spleen cells from a singlerates (Figure 2E). The extent of enrichment from the total
donor into three B10.BR recipients. Single PCC-specificcompartment indicated that 16A (10-fold enrichment)
Th cells were selected for CDR3 analysis prior to transferhad a slower off-rate than 22S (5-fold enrichment). The
to quantify the precise distribution of precursors in thistwo predominant clonotypes of the 5C.C7 preimmune
donor before antigen exposure (Figures 3B and 3C, up-repertoire, 22A and 34A, were absent or substantially
per panels). Seven days after immunization, individualreduced from the slow off-rate subset of naive Th cells.
PCC-specific Th cells with the activated surface pheno-Comparison of dissociation rates between the 16A-con-
type (CD44hiCD62Llo; Figure 3B, bottom panel) were se-taining TCR (AND TCR transgenic) and the 34A-con-
lected for CDR3 analysis. All activated PCC-specifictaining TCR (5C.C7 transgenic) clearly indicated a 20-
cells were of 5C.C7 chain transgenic origin based onfold slower dissociation rate for 16A (Figure 2F) and
the sequence of the V3 expressed (41/41 PCC-specificconfirmed the selection-based assay results presented
cells were sequenced through V3). Strikingly, all threeabove. Thus, relative off-rates establish a different hier-
recipients displayed almost identical repertoires to thearchy among PCC-specific clonotypes, from the slow
initial preimmune repertoire of the donor (Figure 3C).off-rate 16A to the intermediate off-rate 22S to the fast
The hierarchy of individual preexisting clonotypes wasoff-rates of 22A and 34A.
surprisingly preserved, even after substantial clonal
expansion in vivo (Figure 3C; insert box). An affinity-
Thymic Selection Establishes Clonal driven selection model would have preferentially ex-
Dominance in the 5C.C7 Model panded the 22S clonotype. Conversely, preferred
The preexistence of PCC-specific Th cells with measur- expansion of TCR with slow dissociation rates would
ably distinct TCR-pMHCII binding kinetics provides an have selectively expanded the 16A clonotype with sub-
stantially slower off-rates than the three other clono-ideal model to evaluate the mechanisms driving antigen-
Immunity
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Figure 3. Preservation of TCR Diversity dur-
ing Antigen-Driven Clonal Expansion
(A and B) 5C.C7 cells derived from a single
donor were (A) CFSE labeled or (B) not, and
were (A and B) transferred into B10.BR hosts
or (B) sorted for preimmune repertoire study
as described in Figure 1. Recipients were im-
munized subcutaneously with 400 g PCC
emulsified in RIBI. The draining nodes were
removed at (A) 3 or (B) 7 days. (A) Representa-
tive probability contour plots of V11 and
CFSE stainings gated on CD4 T cells (first
panel). CD44 (second panel) and CD62L (third
panel) expression on gated CD4 V11
CFSE-positive donor cells versus CFSE fluo-
rescence. Numbers indicate division cycles.
(B) Representative probability contour of
CD44 and CD62L expressions by V11
pMHCII-expressing cells prior to transfer
(upper panel) or V11 V3-expressing cells
7 days after immunization (lower panel).
Boxed inserts display frequency. At day 7,
mean  SEM, n  3 is indicated.
(C) J gene segment usage prior to (upper
panel) and after immunization (lower panel).
At day 7, mean  SEM, n  3 is indicated.
The total number of individual sequences an-
alyzed is indicated. Frequencies for clono-
types of interest are shown in the inset.
types. Therefore, in the 5C.C7model, clonal expansion Preimmune TCR Diversity in the 2B4
Transgenic Modelprogressed in accordance with preimmune penetrance
In B10.BR mice, the majority of the PCC-specific Thregardless of TCR binding kinetics.
cells recruited at day 3 of the PCC response were not
further propagated (McHeyzer-Williams et al., 1999). It
was possible that all the PCC-specific clonotypes fromTCR-pMHCII Off-Rates Do Not Drive
the 5C.C7 model expressed sufficient pMHCII bindingClonal Dominance
to dominate the PCC-specific response. Therefore, weAs demonstrated by Savage and Davis (Savage and
chose to extend these analyses into a second TCRDavis, 2001), PCC-specific Th cells with slow TCR-
chain model, a 2B4 chain that we selected from thepMHCII off-rates may be selected against in the I-Ek
original 2B4model. The J2.5-expressing 2B4 chainthymus. This trend was supported by the low preimmune
(CDR3: SLNWGQDTQ) is also found in B10.BR PCC-penetrance of the J16A TCR with the slow off-rate
specific Th cells, but less frequently than the J1.2-(Figure 2E). To overcome this low penetrance in the
expressing 5C.C7 chain (CDR3: SLNNANSDY) (Mc-preimmune compartment, we cotransferred equal num-
Heyzer-Williams et al., 1999). Fixed expression of thisbers of 2B4 PCC-specific Th cells with significantly
2B4 chain promoted substantial elevation of naiveslower off-rates than the total 5C.C7 population (58 
PCC-specific Th cells binding pMHCII tetramer (Figure7 min and 21  1 min; 2B4 and 5C.C7, respectively;
5A), but fewer than found in the 5C.C7 model (1.1% 
p  0.03) (Figure 4A). Individual cells from naive cell
0.1% and 3.1% 0.1%; 2B4 and 5C.C7, respectively)
mixtures were sorted to ascertain cotransfer balance and with a higher apparent KD than the 5C.C7 chain(52% and 48%; 2B4 and 5C.C7, respectively) (Figure (38  3 and 22  1 nM; 2B4 and 5C.C7, respectively;
4D, top panel). After immunization, clonal expansion, p 0.02) (Figure 5B and Supplemental Figure S1A using
and differentiation in vivo (upregulation of CD44 and equivalent incubation times for both assays). While 2B4
downregulation of CD62L) (Figure 4C, bottom panel), Th cells display 2-fold lower affinity for pMHCII tetra-
there was negligible change in 2B4 prevalence in vivo mers, they exhibit an overall slower off-rate than 5C.C7
(44% 4% and 56% 4%; 2B4 and 5C.C7, respec- Th cells (156  3 and 23  2 min; 2B4 and 5C.C7,
tively; p  0.27) (Figure 4D, bottom panel). Thus, even respectively; p 4	 106) (Figure 5C and Supplemental
with these exaggerated precursor frequencies, Th cells Figure S1B). Thus, the 2B4 mice offer experimental
with substantially slower dissociation rates did not over- access to PCC-specific T cells of overall lower affinities
and slower off-rates than the 5C.C7 mice.run the antigen-specific immune response in vivo.
Affinity Threshold Determines Th Clonal Dominance
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Figure 4. T Cells with Slow Dissociation Rates Have No Proliferative Advantage In Vivo
(A) pMHCII tetramer staining decay kinetics for 2B4 and 5C.C7 TCR transgenic cells. The natural logarithm of the normalized fluorescence
is plotted versus time after the addition of anti-V3 (KJ25) mAbs. Means t1/2  SEM, n  3 are indicated.
(B–D) A total of 20 	 106 5C.C7 splenocytes and 0.5 	 106 2B4 lymphocytes were mixed and stained with pMHCII tetramers for preimmune
repertoire analysis (upper panels) or transferred into B10.BR hosts (lower panels). Transferred mice were immunized subcutaneously with 400
g PCC. Seven days after immunization, cells from draining lymph nodes were stained with pMHCII tetramers. (B) Representative probability
contours of pMHCII tetramer staining versus V11 for initial 5C.C7/2B4 cells (upper panel) and day 7 cells (lower panel). Boxed inserts
display mean  SEM, n  3. (C) Representative probability contour of CD44 and CD62L expressions by V11 pMHCII Tet cells. Percentages
of CD44loCD62hi (upper panel) or CD44hiCD62Llo (lower panel) cells are indicated. For day 7 cells, data represent means from three individual
recipients. (D) Single naive (upper panel) or antigen-experienced (lower panel) PCC-specific Th cells were sorted into the cDNA reaction mix,
subjected to two separate rounds of PCR for TCR V11, and then cycle sequenced. Histograms show the relative proportion of cells derived
from 5C.C7 and 2B4 mice. At day 7, mean  SEM for three animals is shown.
Single-cell repertoire analysis revealed striking differ- 3-fold increased prevalence over the preimmune com-
partment (Figure 5G). The17EA and 16AT sequencesences between the 2B4 and the 5C.C7 PCC-specific
preimmune repertoires. Only three of the four canonical were detected at the lowest tetramer concentrations,
but at frequencies below their preimmune level. 22GSJ segments were present in the PCC-specific preim-
mune compartment (Figure 5D; J22, J17, and J16). was only detected by using 40 nM, while 22AS was only
found by using 170 nM tetramer. Thus, we establish aAt the amino acid level, five clonotypes accounted for
75% of the total preimmune compartment, each with hierarchy of TCR affinities among the 2B4PCC-specific
naive cells where clonotype 17VN 
 17EA 
 16AT 
the characteristic CDR3 length of 8 aa and a serine
residue at 95 (Figure 5E). However, the key peptide 22GS 
 22AS.
contact residue, the glutamic acid residue at 93, was
missing in 74% of these clonotypes (Figure 5E). Two Selective Loss of Low-Affinity T Cells
during Antigen-Driven Clonal ExpansionJ22-expressing clonotypes, 22GS and 22AS (J and
aa at positions93 and94), represent the highest pene- Having shown that PCC-specific Th cells from 2B4 and
5C.C7mice are different, both in terms of TCR bindingtrance and account for 35% of the preimmune PCC-
specific compartment. Interestingly, none of the pre- properties and TCR chain usage, we sought to deter-
mine how 2B4 T cells would expand upon antigen ex-dominant clonotypes found in the 2B4 preimmune
compartment express the atypical J56 used by the posure. 2B4 splenocytes for which the preimmune rep-
ertoire was fully characterized were used as donor cellsparental 2B4 TCR. Hence, forced expression of the
2B4 chain selected a very different spectrum of preim- into individual B10.BR mice (n  5 across two separate
experiments). Seven days after immunization, V11mune PCC-specific Th cells with atypical peptide con-
tact residues. pMHCII Tet CD4 cells that had modulated CD44 and
CD62L expression were isolated (Figure 6A), and theirWhile all 2B4 clonotypes display slow off-rates, there
were still demonstrable differences in tetramer binding TCR chain usage was assessed by single-cell reper-
toire analysis.affinities among these atypical naive clonotypes. By de-
creasing tetramer staining concentrations to 40, 22, and In contrast to what was observed for the 5C.C7
model, the repertoire found in all recipients at day 75 nM, we progressively enriched for high-affinity TCRs
(Supplemental Figure S1A, lower panels). Cells stained was markedly different from the initial donor preimmune
repertoire. In all recipients, there was a complete lossat these suboptimal tetramer concentrations were
sorted for single-cell repertoire studies. There was strik- of the PCC-specific T cells expressing J22 and a 2-fold
increase in PCC-specific T cells expressing J17 (Figureing enrichment for J17 usage in the high-affinity subset
(Figure 5F). The 17VN sequence was abundant with 6B). At the CDR3 peptide level, the two lowest-affinity
Immunity
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Figure 5. Clonal Assortment in the 2B4 Preimmune Repertoire
(A) Representative probability contours for lymphocytes from 2B4 TCR transgenic mice. V11 and pMHCII tetramer levels on
PICD8B220CD11bCD4 cells. The boxed insert displays mean frequency  SEM, n  4.
(B) Scatchard analysis of pMHCII tetramer binding to 2B4 and 5C.C7 TCR transgenic cells. 2B4 (filled triangles) and 5C.C7 (open squares)
cells were stained with pMHCII tetramers over a range of concentrations. Mean apparent KD values  SEM are displayed (n  3).
(C) pMHCII tetramer staining decay kinetics for 2B4 and 5C.C7 TCR transgenic cells. The natural logarithm of the normalized fluorescence
is plotted versus time after the addition of anti-V3 mAbs. Mean t1/2  SEM are indicated (n  3).
(D–G) (D and F) J gene segment usage by V11 pMHCII Tet cells stained with (D) optimal or (F) suboptimal pMHCII tetramer concentrations.
The percentage of V11 pMHCII Tet cells expressing a particular J gene segment is represented. In (D), mean  SEM of four individual
mice is displayed. (E and G) Predicted amino acid sequences of CDR3 regions for V11 pMHCII Tet cells stained with (E) optimal or (G)
suboptimal pMHCII tetramer concentrations.
clonotypes, 22AS and 22GS, were missing, regardless these experiments (400 g) was optimized by using
of their high prevalence in the preimmune compartment maximal PCC-specific Th cell expansion in B10.BR mice
(Figure 6C). In contrast, the highest-affinity clonotypes, (McHeyzer-Williams and Davis, 1995). Using elevated
17VN and 17EA, were enriched in the responding popu- PCC-specific precursors in the current transfer models,
lation, while the intermediate affinity clonotype, 16AT, maximal clonal expansion is not compromised until 100-
was detected with slightly lowered penetrance (Figure fold lower levels of antigen (4 g), with no response
6C). Therefore, this second TCRmodel contains lower- detectable at a 1,000-fold lower dose (0.4 g) (Figure
affinity TCR clonotypes with atypical CDR3, all of which 6D). The TCR repertoire of the pMHCII Tet-responding
are demonstrable PCC specific before antigen expo- clonotypes under these limiting levels of antigen recapit-
sure, but only the higher-affinity TCRs are propagated ulated what was seen at the maximal dose (Figure 6E).
to day 7 of the primary response. The same hierarchy of PCC-specific clonotypes was
seen with the loss of low-affinity 22GS and 2AS, enrich-
ment of 17VN and 17EA, and persistence of the interme-Maintenance of TCR Diversity at a Limiting
diate 16AT clonotypes (Figure 6F). The same experimentAntigen Dose In Vivo
was undertaken by using the 5CC7 chain model. AtUsing limiting doses of antigen, we could test whether
limiting antigen dose, all responsive clonotypes emergedthe selection threshold in the 2B4 model was based
according to their preimmune precursor prevalence,on an absolute TCR-pMHCII affinity or was the result of
interclonal competition. The antigen dose selected for with no skewing toward higher-affinity clonotypes (data
Affinity Threshold Determines Th Clonal Dominance
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Figure 6. Selective Loss of Low-Affinity Antigen-Specific Th Cells In Vivo
(A–I) 2B4 cells derived from a single donor were transferred into three different B10.BR hosts. Recipients were immunized subcutaneously
with the (A–C and G–I) 400 g, (E and F) 4 g, or (D) the indicated doses of PCC. The draining nodes were removed at (A–F) day 7 or (G–I)
day 3. (A) Representative probability contour of CD44 and CD62L expressions by V11 pMHCII Tet cells at day 7. Boxed inserts display
mean  SEM, n  4.(B and E) J gene segment usage by V11 pMHCII Tet cells 7 days after immunization with (B) 400 g or (E) 4 g
PCC. (B) Mean, n  2 or (E) Mean  SEM, n  3 are displayed. The total number of individual sequences analyzed is indicated. (C and F)
Predicted CDR3 amino acid sequences for V11 pMHCII Tet cells before and 7 days after immunization with (C) 400 g or (F) 4 g PCC.
(D) Total number of V11 pMHCII Tet CD44hiCD62Llo cells present in draining lymph nodes of mice immunized with 400, 40, 4, 0.4, or 0 g
PCC. Mean  SEM, n  3 for each condition, except 400 g (n  4) and 0 g (n  1). (G) Representative probability contour plots of V11
and CFSE stainings gated on CD4 T cells at day 3. Boxed inserts, mean  SEM, n  3. (H) J gene segment usage by V11 CFSE cells
at day 3. Mean  SEM, n  3 and the total number of individual sequences analyzed are indicated. (I) Predicted CDR3 amino acid sequences
for V11 pMHCII Tet cells before immunization and V11 CFSE cells 3 days after immunization. At D3, mean  SEM, n  3 is indicated.
not shown). Thus, the TCR affinity thresholds used in two affinity-based thresholds in vivo. The first threshold
permits cell cycle entry and some truncated levels ofselecting Th cells represent an absolute or intrinsic bar-
rier to antigen-specific clonal propagation in vivo. clonal expansion. A second threshold must be reached
for complete propagation and persistence to maximal
levels in vivo, represented at day 7 in these transferMultiple Affinity Thresholds Determine
models. In the context of our current studies, the secondCell Fate In Vivo
threshold governs antigen-specific Th cell fitness in vivo.Next, we reasoned that kinetic differences between lost
PCC-specific clonotypes may provide further clues to
the mechanism of affinity-based selection. As described Discussion
previously for the 5C.C7 chain model (Figure 3A), we
focused TCR repertoire analysis on day 3 of the 2B4 These studies examine quantitatively the cellular and
molecular foundations of clonal dominance in the Th cellchain model sorting cells involved in the PCC-specific
response based on V11 expression and CFSE dilution compartment. We present a new and powerful means for
studying antigen-driven repertoire development in vivo.(Figure 6G). It was clear that the J22-expressing clono-
types had not been lost at this early time point (Figure Using TCR chain transgenic models and pMHCII tetra-
mers, we quantify varied TCR binding properties of6H). Looking more closely at the CDR3 sequence, the
22GS clonotype had persisted until day 3, while the clones within a polyclonal preimmune repertoire and
measure directly how they behave upon antigen expo-lowest-affinity clonotype 22AS was already lost (Figure
6I). Hence, our results support the existence of at least sure. Comparison of pMHCII TCR repertoires in the
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5C.C7 chain model before and after antigen exposure after antigen exposure. The transferred polyclonal pre-
cursors with measurable TCR diversity and binding ki-strongly implicates thymic maturation as the major influ-
ence in shaping clonal dominance. This is contrasted netics overcome the endogenous B10.BR response and
emerge with similar kinetics, but to a greater extent thansharply with the behavior of the PCC-specific Th cells
from the 2B4 chain model. Thymic selection of atypical the nontransgenic response. This experimental ap-
proach provides ideal access to direct estimates ofPCC-specific clonotypes indicated that a very different
central recognition event shapes the preimmune com- clonal competition in the most physiologically relevant
setting in vivo.partment.
More importantly, clonal selection over a threshold of
antigen binding affinity was clearly apparent in the 2B4 Clonal Dominance Defined by TCR Structure,
chain model. Two separable thresholds were detected Not pMHCII Binding Properties
with differential impacts on the fate of Th cells. This Self-peptides play a critical role in shaping the repertoire
affinity threshold mechanism was not susceptible to of mature thymocytes and peripheral T cells (Jameson
change when the system was exposed to limiting levels et al., 1995; Sant’Angelo et al., 1997; Correia-Neves et
of antigen. Across both models, there was no selective al., 2001). Modifying the spectrum of self-peptides medi-
advantage beyond this affinity threshold for either ating positive selection substantially alters the pattern
slower TCR off-rates or even higher-affinity binding. This of clonal dominance (Liu et al., 1997; Nakano et al.,
subsequent preservation of TCR diversity without affin- 1997), suggesting a major role for preimmune selection
ity maturation may be necessary to establish and then in the shape of clonal dominance. This notion is further
maintain functional diversity in the antigen-responsive supported by the direct analysis of pMHCII binding in
Th cell compartment. the 5C.C7 chain transgenic model (Savage and Davis,
2001) and the ability of an anti-pMHCII monoclonal anti-
body to block this selection process in B10.BR miceTCR Transgenic Models for the Study
(Baldwin et al., 1999). Our studies in the 5C.C7 chainof Clonal Dominance
model broadly support these same conclusions. How-In our initial studies, we identified restricted TCR among
ever, we were surprised by the diversity of the PCC-PCC-specific Th cells in nontransgenic B10.BR mice by
specific TCR binding kinetics remaining in this highlyday 6 of the primary response (McHeyzer-Williams and
restricted polyclonal pool (Figures 1 and 2). There wasDavis, 1995). In subsequent analysis of the dynamics
substantial variation in both TCR-pMHCII off-rates andof this clonal selection process, we reported a rapid
overall affinity between antigen-specific precursors.focusing of preferred clonotypes between day 3 and 5
More interestingly, the same spectrum of TCR was se-that was further propagated to day 7 without changes
lected in the PCC-specific Th cell response followingin clonal composition (McHeyzer-Williams et al., 1999).
adoptive transfer (Figure 3) and in the nontransgenicWhile we could quantify TCR diversity at day 3 in this
B10.BR (McHeyzer-Williams and Davis, 1995; McHey-model, the responder frequencies were extremely low,
zer-Williams et al., 1999). Therefore, while clonal domi-precluding robust measurement of TCR binding kinetics
nance is evident through TCR structural similarity between(McHeyzer-Williams et al., 1999). In contrast, Savage
preferred clonotypes, TCR-pMHCII binding propertiesand Davis could measure TCR binding kinetics at day
remain surprisingly diverse.6 because antigen-specific cell frequencies were suffi-
ciently high (Savage et al., 1999). Unfortunately, clonal
dominance was already established by this time point; TCR-pMHCII Affinity Threshold Determines
Clonal Dominancehence, only subtle changes in clonal composition after
expansion at antigen recall were being measured in this In our previous studies with the nontransgenic B10.BR
mice, it was clear that the 5C.C7 TCR only representsstudy, not the processes that initially drive clonal domi-
nance. one facet of the overall initial response to PCC
(McHeyzer-Williams and Davis, 1995; McHeyzer-Wil-Some groups have derived Th cell clones from differ-
ent stages of the primary immune response to demon- liams et al., 1999). Only 6% of the PCC-specific Th
cells found at day 3 of the primary response expressedstrate the biochemical properties of the preferred clono-
types in vitro (Fasso et al., 2000). While these models the 5C.C7 chain, and over half of the day 3 PCC-spe-
cific Th cells expressed noncanonical TCR chainsprovide valuable and high-confidence information on
the reshaping of the TCR repertoire in vivo, they cannot (McHeyzer-Williams et al., 1999). Therefore, thymic im-
printing cannot provide the sole basis for clonal domi-exclude the influence of still further secondary remodel-
ing in vitro that is known to occur (Rees et al., 1999). nance. Some mechanisms of clonal selection and reas-
sortment of the initially responsive Th cells must takeThe use of TCR chain transgenic animals was invalu-
able to our earlier study of TCR diversity in the immune place to account for the preferred clonotypes in the
nontransgenic situation. We demonstrate the broadresponse to Leishmania major (Malherbe et al., 2000).
These studies indicated an affinity-based selection of spectrum of TCR off-rates among the PCC-specific pre-
cursors in the 5C.C7 chain model (Figure 2), yet thereclonotypes associated with clearance of infection. In
the current study, we extend this approach to allow for is surprising conservation of clonotypes (Figure 3) based
on preexisting prevalence without focusing towarddirect assessment of the preimmune and immune TCR
repertoires to a protein antigen. Using adoptive transfer, TCRs with slow-off rates. The equivalent propagation
of the 2B4 and the 5C.C7 Th cells (Figure 4) provideswe could directly quantify clonal prevalence in the pre-
immune repertoire and then test the behavior of these the strongest evidence that the biochemical basis of
this mechanism cannot simply be focused on slowercells across three separate nontransgenic recipients
Affinity Threshold Determines Th Clonal Dominance
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fined by clonotypes like 22GS that initially expand, but
fail to propagate maximally and are absent at day 7 of
the response in vivo. Thus, TCR affinity determines
helper T cell fitness during an immune response.
A Unique Selection Mechanism to Maintain
Th Cell Diversity
Our current studies demonstrate that continued selec-
tion toward higher-affinity does not occur in the Th cell
compartment. This strategy contrasts markedly with af-
finity maturation demonstrated for antigen-experienced
B cells in response to protein antigen (McHeyzer-Wil-
liams et al., 1991, 1993). We suggest that one way to
achieve this unique outcome for Th cells is to temporally
restrict the peripheral selection process. We present
Figure 7. Schematic Representation of the TCR Affinity Thresholds evidence for a rapid peripheral selection mechanism
Involved in Antigen-Driven Selection
that is based on a TCR-pMHCII affinity threshold. We
The predominant PCC-specific Th clonotypes are sorted according have strong evidence for temporal regulation of this
to their TCR affinity for pMHCII tetramers. Th cells expressing TCR
process in nontransgenic B10.BR mice (McHeyzer-Wil-with affinity lower than threshold 1 (22AS) don’t initiate a proliferative
liams et al., 1999). Limiting this process over time allowsresponse upon antigen encounter. Th cells expressing TCR with
affinity comprised between thresholds 1 and 2 (22GS) initiate prolif- the selection of similar clonotypes without complete
erative response but fail to propagate during the late phase of the constraint on TCR diversity. Based on the rapidity of
proliferative response (day 7). All Th cells expressing TCR with affin- selection in B10.BR mice, we speculate that this mecha-
ity above threshold 2 undergo identical clonal expansion without nism must be controlled by initial immune synapse inter-
any skewing toward high-affinity TCR.
actions between antigen-experienced APC and naive
PCC-specific Th cells (McHeyzer-Williams et al., 2000,
2002). Limiting continued selection may be important inTCR off-rates in the peripheral response (Savage et al.,
the acquisition of diverse Th cell function (Bikah et al.,1999) or controlled centrally by binding self-pMHCII in
2000; Panus et al., 2000), but it may also be critical inthe thymus (Savage and Davis, 2001).
protection against the inadvertent selection of higher-The 2B4 transgenic model more closely reflects the
affinity TCR with crossreactivity toward self.PCC-specific clonal reassortment found in B10.BR mice
(Figures 5 and 6). The prevalence of the precursors was
Experimental Proceduresnot predictive of clonal dominance in this model, similar
to that seen in the CD8 study of the preimmune-to-
Mice
immune clonal reassortment (Bousso et al., 1999). Fur- 5C.C7 TCR (Jorgensen et al., 1992) transgenic mice were kindly
thermore, the most prevalent PCC-specific clonotypes provided by Dr. M. Davis (Stanford University, CA), 2B4 TCR and
in the 2B4 model were actually lost from the PCC- 2B4 TCR (Berg et al., 1989) were provided by Dr. L. Berg (University
of Massachusetts Medical Center, MA), and AND TCR (Kaye etspecific responder compartment upon antigen expo-
al., 1989) was provided by Dr. S. Swain (Trudeau Institute, NY).sure. Based on the evaluation of TCR-pMHCII affinities,
B10.BR mice and TCR transgenic mouse lines were maintainedthese PCC-specific precursors expressed lower relative
under pathogen-free conditions at The Scripps Research Institute.
affinities than the PCC-specific precursors that domi-
nated the response in vivo (Figure 6). While there was Adoptive Transfer and Immunization
a significant amount of clonal reassortment in this A total of 20 	 106 5C.C7 or 2B4 splenocytes were transferred
model, the pattern was more consistent with the early intravenously into B10.BR mice. The recipients were then immunized
with 400 g or the indicated dose of whole PCC (pigeon cytochromeloss of the high-prevalence, low-affinity responders than
c, Sigma) in Ribi adjuvant (Corixa). For some transfer experiments,with the selective expansion of high-affinity clonotypes.
cells were labeled with 5 M CFSE (carboxyfluorescein diacetateBased on these trends, we would suggest that propaga-
succinimidyl ester, Molecular Probes) for 10 min at 37C. In one
tion of preferred clonotypes proceeded in the same experiment, 0.5 	 106 2B4 lymphocytes were mixed with 20 	
manner as seen in the 5C.C7 model, with no further 106 5C.C7 splenocytes prior to transfer.
selective bias over the initial affinity threshold.
Our results support the idea that the strength of anti- Expression and Purification of Soluble I-Ek
Molecules and Generation of Tetramersgenic stimulation drives progressive T cell differentiation
The expression constructs for empty I-Ek molecules were generatedand the acquisition of fitness (Lanzavecchia and Sal-
in a similar way to the constructs described for empty I-Ag7 mole-lusto, 2002; Gett et al., 2003). The existence of hierarchi-
cules (Stratmann et al., 2000). The  subunit construct was designed
cal thresholds for proliferation and differentiation was to express the extracellular domain of the mature I-Ek  subunit
suggested by in vitro priming in which the strength of attached to an acidic leucine zipper (Scott et al., 1996) and a BirA
biotinylation sequence (Schatz, 1993). The  subunit construct con-antigenic stimulation was tightly controlled. Here, we
sisted of the extracellular domain of the mature  subunit attachedextend this model to the in vivo priming of antigen-
to a basic leucine zipper peptide and a hexa-histidine tail. For proteinspecific helper T cells and define hierarchical thresholds
expression, stable lines of transfected Drosophila SC2 cells werebased on TCR affinity (Figure 7). The first affinity thresh-
expanded to 4–8 liters in 850 cm2 roller bottles in Insect Xpress
old is defined by clonotypes like 22AS that are able to serum-free media (Biowhittaker). After induction of protein expres-
recognize the pMHCII ligand but are unable to proliferate sion by 0.7 mM copper sulfate for 3 days, cells were cleared by
centrifugation, and the supernatants were concentrated and bufferin vivo upon immunization. The second threshold is de-
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was exchanged against PBS by tangential flow. Soluble empty I-Ek A T cell receptor-specific blockade of positive selection. J. Exp.
Med. 189, 13–23.molecules were purified by affinity chromatography after overnight
incubation at 4C with Ni-NTA agarose beads. Empty I-Ek molecules Berg, L.J., de St. Groth, B.F., Pullen, A.M., and Davis, M.M. (1989).
were then loaded with a 30-fold molar excess of MCC peptide (88– Phenotypic differences between alpha-beta-T-cell versus beta-T-
103) (Anaspec) overnight at 37C. After extensive dialysis, loaded cell receptor transgenic mice undergoing negative selection. Nature
molecules were purified on a MonoQ column (Amersham) and biotin- 340, 559–562.
ylated with the BirA enzyme according to the manufacturer’s instruc-
Bikah, G., Pogue-Caley, R.R., McHeyzer-Williams, L.J., andtions (Avidity). Biotinylated molecules were kept at 4C and tetra-
McHeyzer-Williams, M.G. (2000). Regulating T helper cell immunitymerized with PE-labeled SA (BD Pharmingen).
through antigen responsiveness and calcium entry. Nat. Immunol.
1, 402–412.
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Bitmansour, A.D., Waldrop, S.L., Pitcher, C.J., Khatamzas, E., Kern,For population analysis, peripheral lymph nodes of naive animals
F., Maino, V.C., and Picker, L.J. (2001). Clonotypic structure of theor draining lymph nodes (inguinal and periaortic) of immunized mice
human CD4() memory T cell response to cytomegalovirus. J. Im-were removed and teased through 80 m mesh screens into single-
munol. 167, 1151–1163.cell suspensions. Cells were stained for flow cytometry at 2.0 	 108
Bousso, P., Levraud, B.P., Kourilsky, P., and Abastado, J.P. (1999).cells/ml in Hanks’ Balanced Salt Solution with 25 mM HEPES and
The composition of a primary T cell response is largely determined5% FCS (HHF). PE-MCC/I-Ek tetramer (pMHCII tetramer) staining
by the timing of recruitment of individual T cell clones. J. Exp. Med.was performed at room temperature for 45 min in HHF (Figures 1–4)
189, 1591–1600.or 60 min in HHF supplemented with 0.1% NaN3 (Figures 5 and 6
and Supplemental Figure S1). For every tetramer decay analysis, Busch, D.H., and Pamer, E.G. (1999). T cell affinity maturation by
HHF was supplemented with 0.1% NaN3. After tetramer staining, selective expansion during infection. J. Exp. Med. 189, 701–709.
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analyzed on a FACS Vantage SE (BD Biosciences). 1730.
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